Gene expression profiling provides a quantitative molecular framework for the study of human lymphomas. This genomic technology has revealed that existing diagnostic categories are comprised of multiple molecularly and clinically distinct diseases. Diffuse large B cell lymphoma (DLBCL), for example, consists of three gene expression subgroups, termed germinal center B cell-like (GCB) DLBCL, activated B cell-like (ABC) DLBCL, and primary mediastinal be cell lymphoma (PMBL). These DLBCL subgroups arise from different stages of normal B cell differentiation, utilize distinct oncogenic mechanisms, and differ in their ability to be cured by chemotherapy. Key regulatory factors and their target genes are differentially expressed among these subgroups, including BCL-6, Blimp-1, and XBP1. ABC DLBCL and PMBL depend upon constitutive activation of the NF-κB pathway for their survival but GCB DLBCL does not, demonstrating that this pathway is a potential therapeutic target for certain DLBCL subgroups. In DLBCL, mantle cell lymphoma, and follicular lymphoma, gene expression profiling has also been used to create gene expression-based models of survival, which have identified the biological characteristics of the tumors that influence their clinical behavior. In mantle cell lymphoma, the length of survival following diagnosis is primarily influenced by the tumor proliferation rate, which can be quantitatively measured by a proliferation gene expression "signature". Based on this accurate measure, the proliferation rate can now be viewed as an integration of several oncogenic lesions that each increase progression from G1 to S phase of the cell cycle. In DLBCL and follicular lymphoma, gene expression profiling has revealed that the molecular characteristics of non-malignant tumor-infiltrating immune cells have a major influence on the length of survival. The implications of these insights for the diagnosis and treatment of non-Hodgkin lymphomas are discussed.
INTRODUCTION
The study of human diseases presents a unique challenge to the experimental biologist. Traditional modes of biological inquiry often require the manipulation of a biological system, which may be difficult or impossible to achieve when studying a human disease. Therefore, initial insights into human diseases are often observational in nature, and the depth of these insights relies on the precision and breadth of the observational tools at hand.
A traditional and successful approach to the study of human cancer begins with the identification of genes that are mutated and/or misexpressed in one or more cancer specimen. These potential oncogenes and tumor suppressor genes are then assessed for their ability to create or modify a transformed phenotype in cultured cells or in mice. By assessing such genes one by one, an edifice of knowledge has been created that provides a framework for understanding cancer biology (Hanahan and Weinberg, 2000) .
An orthogonal approach to human cancer has been provided by two key methodological advances: the completion of the human genome sequence and the development of DNA microarrays to measure the activity of the genome. A genomewide measurement of mRNA levels in a cancer specimen, known as its gene expression profile, can reveal aspects of the cancer phenotype that are difficult to perceive by studying individual oncogenes and tumor suppressor genes. Even more powerful insights can be derived when gene expression profiles are obtained from a large number of cancer specimens for which clinical data are available. Clinical data such as response to treatment and length of survival can be used to tease biological insights out of the large data sets that DNA microarrays generate. The beauty of gene expression profiling data is that it is quantitative and highly reproducible. Because of this, these data can be used to generate multivariate statistical models of the clinical behavior of cancer that have great predictive power.
From this new perspective, human cancer is found to be mathematically tractable. Various biological phenotypes of a tumor, such as the proliferation rate, the activity of survival pathways, and the nature of non-malignant tumor-infiltrating cells, can now be accurately measured because they are reflected in the gene expression profile. Each biological phenotype can be associated with the expression of a characteristic set of genes, known as its gene expression signature, and the expression of these signature genes serve as a quantitative measure of the phenotype (Shaffer et al., 2001) . The length of survival of cancer patients and their response to therapy can be traced to biological differences in their tumors that are reflected quantitatively in gene expression signatures. Often, several gene expression signatures are needed to adequately model the complex clinical behavior of cancer, thus revealing cancer as the integration of multiple abnormal biological mechanisms. By combining gene expression profiling with traditional analysis of oncogenes and tumor suppressors, it becomes clear that the multiple oncogenic abnormalities in a single tumor act synergistically and quantitatively to alter discrete tumor phenotypes. This mathematical view of the cancer process will ultimately change our approach to cancer therapy, particularly as agents that target discrete biological pathways become available This review will provide examples from studies of lymphoid malignancies that illustrate the ability of gene expression profiling to illuminate cancer biology. The first section demonstrates how gene expression profiling can reveal that current diagnostic categories are comprised of several molecularly and clinically distinct diseases. The second section demonstrates how mathematical models of survival in cancer can be created by gene expression profiling, thereby revealing biological attributes of the tumors that influence their clinical behavior.
MOLECULAR DIAGNOSIS OF LYMPHOID MALIGNANCIES Molecularly and clinically distinct diseases within diffuse large B cell lymphoma
Diffuse large B cell lymphoma (DLBCL) is the largest diagnostic category among the non-Hodgkin lymphomas, accounting for roughly 40 percent of all cases. Within the United States, this translates into more than 23,000 new cases of DLBCL diagnosed each year. Multi-agent chemotherapy can cure approximately 40% of these patients, and this represents one of the successes of modern cancer therapy. Unfortunately, DLBCL still accounts for approximately 10,000 deaths per year in the United States. Why some patients with DLBCL can be cured and others not has been a longstanding and frustrating puzzle.
The first clue to this puzzle came when gene expression profiling studies revealed that DLBCL is comprised of at least two molecularly and clinically distinct diseases Rosenwald et al., 2002; Wright et al., 2003) . One subgroup of DLBCL, termed germinal center B cell-like (GCB) DLBCL, expresses genes that are hallmarks of normal germinal center B cells (Fig. 1A) . By contrast, another DLBCL subgroup, termed activated B cell-like (ABC) DLBCL, lacks expression of germinal center B cell-restricted genes and instead expresses genes that are induced during mitogenic stimulation of blood B cells. These two subgroups of DLBCL differ in the expression of thousands of genes, and in this respect they are as different as acute myelogenous leukemia and acute lymphoblastic leukemia. More recently, a third subgroup of DLBCL has been defined by gene expression profiling, termed primary mediastinal B cell lymphoma (PMBL) (Rosenwald et al., 2003a; Savage et al., 2003) . These three DLBCL subgroups should be considered separate disease entities since they arise from B cells at different stages of differentiation, utilize different oncogenic pathways, and have distinct clinical behaviors.
DLBCL subgroups and the regulatory biology of B cell differentiation
Insight into the normal cellular counterparts of the DLBCL subgroups has been provided by an analysis of regulatory factors that control the differentiation of germinal center B cells to plasma cells (Fig. 2) . BCL-6 is a transcriptional repressor that is required for mature B cells to differentiate into germinal center B cells during an immune response (Dent et al., 1997; Ye et al., 1997) . Normal germinal center B cells express BCL-6 at high levels but BCL-6 expression is silenced during plasmacytic differentiation Cattoretti et al., 1995; Onizuka et al., 1995) . DLBCLs belonging to the GCB subgroup express BCL-6mRNA at significantly higher levels than DLBCLs belonging to the ABC subgroup Rosenwald et al., 2002; Wright et al., 2003) . BCL-6 is deregulated by chromosomal translocations in roughly 20% of DLBCLs (Pasqualucci et al., 2003) , but the high expression of BCL-6 in GCB DLBCLs is not accounted for by these translocations. Rather,BCL-6 is expressed in GCB DLBCLs along with a host of other germinal center B cell restricted-genes because these DLBCLs are derived from normal germinal center B cells and retain much of their biology. In keeping with this notion, GCB DLBCLs have ongoing somatic hypermutation of their immunoglobulin genes, a characteristic feature of normal germinal center B cells .
To elucidate the mechanisms by which BCL-6 regulates germinal center B cell differentiation, gene expression profiling was used to identify the target genes of BCL-6 repression (Shaffer et al., 2000) . DNA microarrays were used to identify genes that were downregulated when BCL-6 was introduced into cells lacking endogenous BCL-6 expression and that were upregulated when a dominant negative form of BCL-6 was introduced into cells that have endogenous BCL-6 expression. The BCL-6 target genes identified in this fashion were found to be expressed at much lower levels in germinal center B cells than in resting or activated blood B cells, in keeping with the germinal center B cell-restricted expression of BCL-6 (Shaffer et al., 2000) . One group of BCL-6 target genes are genes that are induced when B cells are activated through the antigen receptor, including cyclin D2, CD69, CD44, and MIP-1 α. By blocking expression of B cell activation genes, BCL-6 may guide an antigen-stimulated B cell towards germinal center differentiation and away from the alternate fate of rapid plasmacytic differentiation (Shaffer et al., 2000) . Another important BCL-6 target gene is p27kip1, which encodes a negative regulator of cell cycle progression. By repressing p27kip1, BCL-6 may contribute to the extraordinarily high proliferation rate of germinal center B cells.
One particularly illuminating BCL-6 target gene is Blimp-1 (Shaffer et al., 2000) , which encodes a transcriptional repressor that is required for plasma cell differentiation (Shapiro-Shelef et al., 2003) . BCL-6 binds to a motif in intron 5 of the Blimp-1 gene that is conserved between the human and mouse genes (Tunyaplin et al., 2004) . Since BCL-6 is bound to this site in vivo, as judged by chromatin immunoprecipitation, Blimp-1 appears to be a direct target of BCL-6 repression. Dominant negative inhibition of BCL-6 in a Burkitt lymphoma cell line (which is of germinal center origin) caused the endogenous Blimp-1 gene to be derepressed, and this was followed by partial plasmacytic differentiation: multiple mature B cell markers were silenced while plasma cell markers such as CD38 were induced (Shaffer et al., 2000) . In addition, c-mycand a host of other proliferation associated genes were turned off (Shaffer et al., 2000) , which is consistent with the fact that c-myc is a direct target of Blimp-1 repression (Lin, Wong and Calame, 1997) .
These results led to the hypothesis that one role for BCL-6 in normal germinal center B cells and in non-Hodgkin lymphomas is to block differentiation into plasma cells (Shaffer et al., 2000) . In keeping with this notion, mice in which the BCL-6 gene is disrupted generate plasma cells more readily in response to antigenic stimulation (Tunyaplin et al., 2004) . In non-Hodgkin lymphomas with BCL-6 translocations, the promoter of BCL-6is substituted with the promoter from the translocation partner gene, which may prevent the physiological downregulation of BCL-6 mRNA expression that occurs during plasmacytic differentiation. This deregulation of BCL-6 may contribute to malignant transformation by keeping Blimp-1 repressed, thereby preventing plasmacytic differentiation and the attendant cell cycle arrest.
Gene expression profiling has also been used to elucidate the mechanisms by which Blimp-1 promotes plasmacytic differentiation Shaffer et al., 2004) . Ectopic expression of Blimp-1 in B cells silences the expression of virtually all mature B cell-restricted genes . Blimp-1 exerts its powerful effect by directly repressing genes encoding key B cell transcription factors, including Pax5, Spi-B, Id3, and CIITA, thereby indirectly blocking the expression of the genes that they transactivate Piskurich et al., 2000; .
One of the genes silenced by Blimp-1, directly or indirectly, is BCL-6 . Blimp-1 and BCL-6 therefore create a double negative regulatory loop , a form of regulation first described by Monod and Jacob four decades ago (Monod and Jacob, 1961) . An important feature of this regulatory design is its plasticity: a change in the expression or activity of either repressor, even transiently, can swing the system towards one of two cellular states. In germinal center B cells, strong stimulation by antigen through the immunoglobulin receptor or by activated T cells through CD40 downregulates BCL-6 mRNA and/or protein expression Niu, Ye and Dalla-Favera, 1998) , which would tip the regulatory balance in favor of Blimp-1 and plasmacytic differentiation.
Strong support for this double negative model has recently been provided by the analysis of MTA3, a germinal center B cell-restricted subunit of the Mi-2/NuRD corepressor complex (Fujita et al., 2003) . MTA3 tethers the Mi-2/NuRD complex to BCL-6 by binding to a central region of BCL-6 that is required for full transcriptional repression activity (Albagli et al., 1996; Chang et al., 1996; Seyfert et al., 1996) . The Mi-2/NuRD complex has histone deacetylase activity, which BCL-6 uses to create a repressive chromatin structure at its target genes. Knockdown of MTA3 by RNA interference in germinal center B cell-derived lymphoma cell lines caused Blimp-1 to be derepressed and partial plasmacytic differentiation to ensue (Fujita et al., 2003) . Remarkably, coexpression of BCL-6 and MTA3 in a plasmacytic cell line derived from a patient with multiple myeloma caused the cells to "dedifferentiate" to a mature B cell phenotype: the plasma cell genes Blimp-1, XBP1, and syndecan-1 were silenced while the B cell genes CD19, CD20, BLNK, syk, Igβ and MHC class II were expressed. Although this dedifferentiation is surprising, it is an inherent feature of the plasticity built into it double negative regulatory circuit (Monod and Jacob, 1961) .
In addition to Blimp-1, plasmacytic differentiation requires the transcriptional activator XBP1 (Reimold et al., 2001) . XBP1 lies downstream of Blimp-1 in the regulatory hierarchy: XBP1 mRNA expression is induced during plasmacytic differentiation, in part, because Blimp-1 represses Pax5, which encodes a repressor of XBP1 Reimold et al., 1996; . Recent experiments demonstrated that XBP1 is the master regulator of the secretory phenotype of plasma cells . Gene expression profiling revealed that XBP1 induces the expression of a large set of genes encoding components of the endoplasmic reticulum and golgi, leading to a dramatic expansion of the secretory apparatus . Unexpectedly, XBP1 also increases cell size, mitochondrial and lysosomal biogenesis, mitochondrial respiration, total cellular protein content, and the overall rate of protein synthesis . XBP1 is a mammalian homologue of the yeast transcription factor Hac1, which controls the unfolded protein response that is triggered by cellular events that disturb the processing of proteins in the endoplasmic reticulum. In mammalian cells, XBP1 coordinates a "physiological" unfolded protein response that allows permanent differentiation to a secretory state characterized by a continuous, high burden of proteins entering the secretory pathway . The pleiotropic effects of XBP1 on cellular structure, function and energetics are all likely to contribute to the high-level secretion of immunoglobulin that characterizes plasma cells.
Based on the regulatory biology of plasmacytic differentiation, it is possible to speculate that the cell of origin of ABC DLBCL may be a plasmablastic B cell that is poised to exit the germinal center. In comparison to GCB DLBCLs, ABC DLBCLs express higher levels of many plasma cell genes . Among these is XBP1 and a variety of its target genes, which encode endoplasmic reticulum and golgi. Further, ABC DLBCLs express Blimp-1mRNA at levels comparable to those in multiple myeloma cells (unpublished). This phenotype is similar to that of a rare subpopulation of plasmablasts in the germinal center, which are thought to be in the process of migrating to the bone marrow where they differentiate fully into plasma cells (Angelin-Duclos et al., 2000; Falini et al., 2000) . ABC DLBCLs do not express a variety of other genes that characterize normal plasma cells and multiple myeloma, suggesting that they are derived from a cell that is intermediate between a germinal center B cell and a plasma cell. In support of this notion, ABC DLBCLs have somatically mutated immunoglobulin genes, and therefore are derived from a B cell that has likely traversed the germinal center . However, in contrast to GCB DLBCLs, ABC DLBCLs have a fixed complement of immunoglobulin gene mutations, suggesting that the somatic hypermutation machinery has been inactivated as occurs normally during plasmacytic differentiation.
The increased understanding of the regulatory biology of DLBCLs may provide avenues for therapy. BCL-6 itself could be a therapeutic target given that inhibition of BCL-6 function in a Burkitt lymphoma cell line caused cell cycle arrest by derepressing the cell cycle inhibitor p27kip1 and by derepressing Blimp-1, thereby downregulating c-myc expression (Shaffer et al., 2000) . The activity of BCL-6 as a transcriptional repressor could be inhibited by blocking its interaction with corepressor complexes containing MTA3 or those containing SMRT, NCoR, or BCoR that bind to its aminoterminal POZ/BTB domain (Dhordain et al., 1997; Huynh et al., 2000; Melnick et al., 2002; Muscat, Burke and Downes, 1998; Wong and Privalsky, 1998) . The function of BCL-6 is also inhibited by acetylation, and therefore drugs that inhibit deacetylation of BCL-6 might prove useful (Bereshchenko, Gu and Dalla-Favera, 2002) . Further work is needed to understand which DLBCLs might be susceptible to BCL-6 inhibition. ABC LBCLs may be less susceptible than GCB DLBCLs since that have lower BCL-6 expression. Curiously, ABC DLBCLs have high Blimp-1 mRNA expression and yet are highly proliferative and express c-myc at high levels. It is therefore conceivable that ABC DLBCLs Staudt and Dave Page 6 of 34 may have a means to inactivate Blimp-1 function, and understanding this mechanism might provide additional molecular targets for this DLBCL subgroup.
Primary mediastinal B cell lymphoma: a DLBCL subgroup related to Hodgkin lymphoma
Primary mediastinal B cell lymphoma (PMBL) was initially defined as a subgroup of DLBCL based primarily on its unusual clinical presentation: these patients are often young and have an aggressive lymphoma originating in the mediastinum. Since this lymphoma subgroup was solely defined by its clinical characteristics, it was likely to be heterogeneous and include other lymphoma types that happened by chance to present in the mediastinum. Gene expression profiling was able to clarify this diagnostic category by identifying a clear gene expression signature that distinguishes this type of DLBCL from the other DLBCL subgroups ( Fig. 1A ) (Rosenwald et al., 2003a; Savage et al., 2003) . Importantly, one quarter of the samples submitted with the clinical diagnosis of PMBL were found to lack the PMBL gene expression signature, and are therefore likely to be cases of GCB or ABC DLBCL with predominant mediastinal involvement (Rosenwald et al., 2003a) .
Patients with a molecular diagnosis of PMBL were found to be young (median age 33), as compared to patients with GCB and ABC DLBCL (median age over 60), and the majority of the young patients were women (Rosenwald et al., 2003a) . PMBL tumors often involved other thoracic sites, such as the pleura, pericardium, lung, and breast, and these sites were infrequently involved in cases of GCB or ABC DLBCL (Rosenwald et al., 2003a) . Conversely, sites of frequent extranodal involvement in GCB and ABC DLBCL are the gastrointestinal tract, bone marrow, liver, and muscle, and PMBL tumors never involved these sites. Thus, PMBL tumors appear to spread by local extension from the mediastinum whereas GCB and ABC DLBCL may spread through the bloodstream.
Gene expression profiling uncovered a striking and unexpected relationship between PMBL and Hodgkin lymphoma (Rosenwald et al., 2003a; Savage et al., 2003) . Over one-third of the genes that distinguish PMBL from the other DLBCL subgroups ere also highly expressed in Hodgkin lymphoma cell lines as compared with GCB DLBCL cell lines. Several of the PMBL signature genes (e.g. MAL, IL4I) were found to be expressed in primary Hodgkin Reed-Sternberg cells microdissected from cases of nodular-sclerosing Hodgkin lymphoma (Rosenwald et al., 2003a) . Likewise, the PMBL signature includes several genes that are known to be characteristically expressed in Hodgkin Reed-Sternberg cells, such as CD30, IL-13 receptor α chain, and TARC (Peh, Kim and Poppema, 2001; Schwab et al., 1982; Skinnider et al., 2001) . However, the gene expression programs of PMBL and Hodgkin lymphoma are not identical. A subset of the PMBL signature genes is not expressed in Hodgkin lymphoma cells (Rosenwald et al., 2003a) . Moreover, Hodgkin lymphoma cells characteristically lack expression of many mature B cell genes, but these are expressed by PMBLs.
Once realized, it is evident that PMBL and Hodgkin lymphoma have many clinical and pathological features in common (Jaffe and Muller-Hermelink, 1999). Both lymphoma types are common in young individuals, especially women. Furthermore, Hodgkin lymphoma often originates in the mediastinum, like PMBL, and upon pathological examination both lymphoma types can be associated with thymic remnants. PMBL is characterized frequently by prominent sclerotic reactions histologically as is also the case in nodular-sclerosing Hodgkin lymphoma. Interestingly, case reports have documented that patients with PMBL can relapse after treatment with Hodgkin lymphoma (Gonzalez, Medeiros and Jaffe, 1991; Zarate-Osorno et al., 1992) .
This spectrum of molecular, pathological, and clinical similarities suggests that PMBL and Hodgkin lymphoma are pathogenetically related. One explanation for these similarities could be that both lymphoma types may originate from a rare B cell population in the thymus (Addis and Isaacson, 1986) . In support of this notion, a gene that is characteristically expressed in PMBL and Hodgkin lymphoma, MAL, is also expressed in a subset of thymic medullary B cells (Copie-Bergman et al., 2002) . Thus, it is possible that PMBL and some cases of Hodgkin lymphoma inherit a gene expression program that is characteristic of these thymic B cells. That being said, the origin and function of thymic B cells is obscure at present. Thymic B cells have a high load of somatic mutation in their immunoglobulin genes without evidence of ongoing somatic hypermutation, as do PMBLs (Csernus et al., 2004; Flores, Li and Hale, 2001; Kuppers, Rajewsky and Hansmann, 1997; Leithauser et al., 2001; Pileri et al., 2003; Tonnelle et al., 1997) . These data suggest that thymic B cells are post-germinal center in origin, but it is unclear whether these B cells diversify in the thymus or diversify elsewhere and home to this organ.
The gene expression similarities between PMBL and Hodgkin lymphoma are also due to the fact that they share several oncogenic mechanisms. The NF-κB signaling pathway is constitutively active in both the lymphoma types, leading to the shared expression of many NF-κB target genes (see below) (Rosenwald et al., 2003a; Savage et al., 2003) . In addition, both PMBL and Hodgkin lymphoma have recurrent gains and amplifications of a chromosomal region in cytoband 9p24. These abnormalities are present in 40-50% of PMBL tumors, and 10% have a high-level amplification (Rosenwald et al., 2003a) . This region is also amplified in Hodgkin lymphoma cell lines and in primary Hodgkin Reed-Sternberg cells (Bentz et al., 2001; Copie-Bergman et al., 2002; Joos et al., 2000; Joos et al., 1996; Rosenwald et al., 2003a ). The amplicon contains the genes encoding the tyrosine kinase JAK2, the B7 family members PDL1 and PDL2, and the putative chromatin regulator SMARCA2 (Rosenwald et al., 2003a) . Of these, JAK2 has received the most attention due to its involvement in stimulating cytokine signaling pathways. Several PMBL signature genes are known to be induced by IL-4, including IL4I/Fig1 (Chu and Paul, 1997) , and MAL (Kovanen et al., 2003) . STAT6, which mediates signaling by IL-4 and IL-13, is phosphorylated and present in the nucleus of PMBL cell lines and most primary PMBL tumors (Guiter et al., 2004) . Indeed, JAK2 is phosphorylated and potentially active in PMBL cell lines and primary tumors (Guiter et al., 2004) . The mechanisms underlying the activity of JAK2 remain to be elucidated, as neither IL-4 nor IL-13 are expressed in PMBL.
Genomic copy number changes in cancer may be selected because they simultaneously alter the expression or activity of several genes in the affected region. It is therefore possible that the 9p24 amplicon is important in PMBL and Hodgkin lymphoma because it causes overexpression of PDL1 and/or PDL2, in addition to JAK2. PDL2 was found to be the gene that distinguished PMBL from other DLBCLs most significantly (Rosenwald et al., 2003a) . PDL2 was found to be highly expressed in PMBL tumors even in the absence of a 9p24 gain or amplification and was further upregulated in those tumors in which the gene was amplified.
PDL1was likewise overexpressed in PMBL tumors but to a lesser degree than PDL2. Both genes are also expressed in Hodgkin lymphoma cells (Rosenwald et al., 2003a) . PDL1 and PDL2 belong to the B7 family of surface proteins that affect T cell responses (Curiel et al., 2003; Dong et al., 2002; Dong et al., 1999; Freeman et al., 2000; Latchman et al., 2001) . Both proteins bind PD-1, a cell surface receptor on T cells that bears sequence homology with CD28 and CTLA4 (Dong et al., 1999; Freeman et al., 2000; Latchman et al., 2001) . Engagement of PD-1 by PDL1 or PDL2 delivers a negative signal that inhibits signaling through the T cell receptor (Freeman et al., 2000; Latchman et al., 2001) . It has been suggested that tumors that express PDL1 or PDL2 may inhibit tumor-specific T cell responses Dong et al., 2002) . In addition, however, PDL2 can costimulate T cells under certain conditions, which is mediated by another receptor that has not yet been identified . Given the probable origin of PMBL from a thymic B cell, the cell surface expression of PDL2 or PDL1 may allow these lymphoma cells to coexist with the T cells in the thymus.
On one hand, PDL1 and PDL2 may inhibit T cell responses to the lymphoma. On the other hand, the ability of PDL2 to costimulate thymic T cells may lead to the production of cytokines that promote proliferation and/or survival of the PMBL cells.
Oncogenic pathways in DLBCL subgroups
One of the most compelling arguments supporting the view that the DLBCL subgroups represent distinct diseases is that they utilize distinct oncogenic mechanisms (Fig. 1C ). The t (14;18) translocation deregulates the BCL-2 gene by placing it near the enhancer elements of the immunoglobulin heavy chain locus. This oncogenic event was found to be common in GCB DLBCL, occurring in 45% (29/65) of cases analyzed, and also was detected in 18% (2/11) of PMBL cases (Huang et al., 2002; Rosenwald et al., 2002) . By contrast, out of 42 cases of ABC DLBCL analyzed, none had a BCL-2 translocation. Nonetheless, the majority of ABC DLBCLs express BCL-2 mRNA at high levels, presumably due to transcriptional deregulation of BCL-2 Wright et al., 2003) . Furthermore, the anti-apoptotic BCL-2 family member A1 is expressed in ABC DLBCLs due to their constitutive NF-κB activity (see below). In the ace of the high expression of BCL-2 and/or A1 in ABC DLBCL, there would be no selective pressure for a t(14;18) translocation. On the other hand, normal germinal center entroblasts express little if any BCL-2, which favors apoptosis as the default pathway in these cells (Martinez-Valdez et al., 1996; Tuscano et al., 1996) . Therefore, the t(14;18) translocation would provide a strong selective advantage in a germinal center B cell-derived lymphomas such as GCB DLBCL.
Another recurrent oncogenic abnormality in DLBCL is amplification of the c-rellocus on chromosome arm 2p. This oncogenic event occurs in 16% of GCB DLBCLs and in 25% of PMBLs, but has never been detected in ABC DLBCLs Bea et al., 2005) . c-rel encodes a member of the anti-apoptotic NF-κB family of transcription factors. However, it is currently unclear what selective advantage is conferred by c-rel amplification in GCB DLBCLs since cases with this abnormality do not express NF-κB target genes at higher levels than those with a wild type c-rel copy number (unpublished). This conundrum might be explained by the fact that NF-κB transcription factors require the activity of IκB kinase to become localized to the nucleus. During a germinal center reaction, stimulation through the antigen receptor or through CD40 can activate IκB kinase, and a germinal center B cell with a c-rel amplification might receive a stronger anti-apoptotic signal and be positively selected.
In this scenario, c-rel amplifications may confer a selective advantage early in the genesis of a GCB DLBCL, but may not be functionally important in the tumor at diagnosis.
Comparative genomic hybridization analysis has revealed multiple differences in chromosomal copy number alterations between the DLBCL subgroups (unpublished). In ABC DLBCLs, trisomy 3 or gain of the chromosome 3q arm was detected in 18% (11/62) and 24% (15/62) of cases, respectively, but these abnormalities were never detected in GCB DLBCLs (0/63). High-level amplification of chromosome band 18q21, which contains the BCL-2 gene, was detected in one sixth of ABC DLBCLs but in only 3% of GCB DLBCLs. This abnormality may occur more commonly in ABC DLBCL because BCL-2 is transcriptionally active in the majority of these tumors. Interestingly, among the few GCB DLBCLs with this abnormality, 75% (3/4) had a t(14;18) translocation and thus expressed BCL-2. Finally, as discuss in detail above, 43% of PMBLs have a gain or amplification of cytoband 9p24 whereas this abnormality has not been detected in GCB DLBCLs (0/63) and only rarely in ABC DLBCLs (2/62). The uneven distribution of these chromosomal abnormalities among the DLBCL subgroups suggests that the subgroups utilize distinct oncogenic pathways.
One of the most important differences among the DLBCL subgroups is the constitutive activity of the NF-κB pathway in ABC DLBCL and PMBL but not GCB DLBCL. By gene expression profiling, ABC DLBCLs were found to have high expression of known NF-κB target genes when compared with GCB DLBCLs (Davis et al., 2001) . Cell line models of ABC DLBCL have constitutive nuclear NF-κB due to constitutive activity of IκB kinase, and these were not features of GCB DLBCL cell lines. Inhibition of the NF-κB pathway using a dominant active form of IκBα or a dominant negative version of the IκB kinase β subunit was toxic to ABC DLBCL cell lines but not to GCB DLBCL cell lines. More recently, PMBL cells were found to express NF-κB target genes and have nuclear NF-κB, demonstrating the activity of the NF-κB pathway in this DLBCL subgroup as well (Rosenwald et al., 2003a; Savage et al., 2003) . In this respect, PMBLs again resemble Hodgkin lymphoma, which is also characterized by constitutive NF-κB activity (Bargou et al., 1997; Bargou et al., 1996; Cabannes et al., 1999; Emmerich et al., 1999; Krappmann et al., 1999; Wood, Roff and Hay, 1998) .
These findings suggest that the NF-κB pathway is a potential therapeutic target for ABC DLBCL and PMBL, but not GCB DLBCL. In support of this idea, small molecule inhibitors of IκB kinase were found to be selectively toxic for ABC DLBCL and PMBL cell lines, but had no effect on GCB DLBCL cell lines ( Fig. 1D ) (Lam et al., 2004) . These findings support the further development of IκB kinase inhibitors for the treatment of lymphomas with NF-κB activity. In addition, an understanding of the mechanism(s) underlying the constitutive IκB kinase activity in ABC DLBCL and PMBL may lead to the identification of further molecular targets.
Clinical differences between DLBCL subgroups
Given that the DLBCL subgroups appear to arise from different stages of B cell differentiation, utilize distinct oncogenic pathways, and differ in the expression of thousands of genes, it is perhaps not surprising that they differ in their care rate following anthracycline-based multiagent chemotherapy Rosenwald et al., 2002; Wright et al., 2003) . Patients with ABC DLBCL, GCB DLBCL, and PMBL have five-year survival rates of 31%, 59% and 64%, respectively ( Fig. 1B) . Relatively few relapses occur beyond five years, so these survival rates roughly reflect the probability that patients in each DLBCL subgroup will be cured by chemotherapy.
To determine if these survival differences are reproducible in different DLBCL cohorts, it is necessary to establish a reliable method for the molecular diagnosis of the DLBCL subgroups.
To this end, a method based on Bayesian statistics was developed that is able to assign a probability that a given DLBCL tumor sample belongs to the GCB DLBCL, ABC DLBCL or PMBL subgroups (Rosenwald et al., 2003a; Wright et al., 2003) . An important feature of this method is that in allows a patient sample to be declared "unclassified" if its gene expression profile does not closely matched that of any of the subgroups. Based on this method, GCB DLBCL, ABC DLBCL, and PMBL account for roughly 40%, 34%, and 8% of DLBCLs. Thus, 18% of DLBCL samples remain unclassified, and may represent additional DLBCL subgroups. Alternatively, some samples may fail to yield a diagnosis for technical reasons such as inadequate content of malignant cells within the biopsy sample, which may happen in cases with an abundant infiltration of non-malignant immune cells.
An attractive feature of this molecular diagnosis method is that the statistical algorithm is independent of the type of DNA microarray used to generate the gene expression data . When this Bayesian predictor was applied to data from 58 DLBCL samples profiled using Affymetrix oligonucleotide microarrays, GCB DLBCL and ABC DLBCL subgroups were identified, and their 5-year survival rates were 62% and 26%, respectively . More recently, many groups have used immunohistochemical stains for a few proteins to approximate the distinction between GCB DLBCL and ABC DLBCL and have consistently found that GCB DLBCL is the more favorable prognostic group (Chang et al., 2004; de Leval et al., 2003; Hans et al., 2004; Tzankov et al., 2003) .
GENE EXPRESSION-BASED SURVIVAL PREDICTORS
The distinction between the DLBCL subgroups detailed above was discovered using an "unsupervised" approach that relies on methods that detect prominent patterns in the gene expression data. A complementary analytical approach is termed "supervised" because it uses statistical methods to find associations between gene expression data and external clinical, pathological, or molecular data (Staudt, 2003) . Supervised methods typically begin by determining the statistical correlation between the expression pattern of each gene on a microarray and an external parameter such as the length of survival following diagnosis. Supervised methods face a mammoth multiple comparisons problem: thousands of statistical correlations can be made using the expression profiles of each gene on the microarray and a large number of these correlations will occur by chance alone. Because of this, the indiscriminant choice of the genes with the best correlations can lead to the development of statistical models that are overfit to the particular data set on which they were based (Ransohoff, 2004) .
This problem can be circumvented by dividing samples into a "training" set that is used to generate a statistical model and a "test" set that is used to validate the model. Nevertheless, it is likely that most models generated in the training set will fail to validate in the test set unless the model is formed from genes whose expression patterns reflect meaningful biological variation that is related to the external parameter. A useful method to derive biological meaning from gene expression data is to classify genes into gene expression "signatures" (Shaffer et al., 2001) . This method relies on the fact that genes that encode proteins with similar biological function are often transcriptionally coregulated. A gene expression signature may reflect a particular cellular lineage or stage of differentiation, the activity of an intracellular signaling pathway, or an aspect of cellular physiology such as the proliferation rate (Shaffer et al., 2001) . A successful approach has been to use supervised methods to identify genes with expression patterns that are correlated with an external parameter, and then to classify these genes into gene expression signatures . Next, a statistical model of the external parameter is created using the gene expression signatures instead of the individual genes. By creating statistical models from a limited number of gene expression signatures, the multiple comparisons problem is mitigated. The following sections demonstrate that this analytical approach has been used successfully to create survival predictors in DLBCL, mantle cell lymphoma, and follicular lymphoma.
A gene expression-based survival predictor for diffuse large B cell lymphoma
The subdivision of diffuse large B cell lymphoma into subgroups explains some, but not all, of the variation in survival of these patients. Although patients with GCB LBCL have a relatively favorable prognosis, roughly 30% die within the first two years of diagnosis. Patients with ABC DLBCL have a relatively poor prognosis yet roughly 20% are long term survivors. Some of this clinical heterogeneity is explained by the fact that certain clinical variables have prognostic significance in DLBCL, and their influence may not be reflected in tumor gene expression. Clinical parameters with prognostic significance in DLBCL include age, tumor stage, serum lactate dehydrogenase level (a measure of tumor bulk), performance status, and the number of extranodal sites (Shipp, 1993) . These five clinical parameters form the International Prognostic Index (IPI), which is a strong predictor of survival in DLBCL (Shipp, 1993) . The DLBCL subgroup distinction is statistically independent of the IPI in predicting survival, demonstrating that the subgroup distinction is not acting as a surrogate for clinical prognostic variables Rosenwald et al., 2002) .
Further scrutiny of DLBCL gene expression profiling data, using a supervised method revealed that the DLBCL subgroup distinction captures only part of the biological variation among DLBCL tumors that influences survival . This study began by identifying "survival predictor" genes with expression patterns in DLBCL tumor biopsies that were statistically associated with the length of survival of the patients . Separately, gene expression signatures were defined as sets of genes that were coordinately expressed across the DLBCL tumor samples. Notably, more than half of the survival predictor genes could be classified into one of four gene expression signatures, termed germinal center B cell, lymph node, MHC class II, and proliferation (Fig. 3) . A multivariate model of survival was formed from these four signatures and one additional predictive gene, BMP6, which was not part of a gene expression signature. This model was used to assign a "survival predictor score" to each patient based on tumor gene expression. Patients were ranked according to these survival predictor scores and divided into four quartile groups that had 5year survival rates of 73%, 71%, 34%, and 15% . This model had a stronger statistical association with survival than the DLBCL subgroup distinction, demonstrating that it accounted for a greater degree of the clinical heterogeneity among these patients. This model may prove useful clinically: it places one half of the patients in a favorable prognostic group for whom anthracycline-based chemotherapy has a reasonable chance of producing a cure, and one quarter of the patients in a poor prognosis group for whom alternative therapies should be considered.
Germinal center B cell signature
The components of this multivariate model reveal biological features of DLBCL tumors that appear to influence the probability of being cured by chemotherapy. The germinal center B cell signature includes those genes that are characteristically expressed at the germinal center B cell stage of differentiation. This signature mirrors the DLBCL subgroup distinction in that both GCB DLBCLs and PMBLs express germinal center B cell signature genes, but ABC DLBCLs do not. The three germinal center B cell signature genes that were found to be most strongly associated with survival were BCL6, SERPINA9, and GCET2 . Both SERPINA9 and GCET2 were identified as germinal center B cell signature genes because the Lymphochip DNA microarrays used for this study included a large number of DNA clones selected from a germinal center B cell cDNA library (Alizadeh et al., 1999) . SERPINA9 (GCET1) encodes a serine protease inhibitor whereas GCET2 (HGAL) is of unknown function Pan et al., 2003) . Interestingly, GCET2 is the human homologue of the mouse M17 gene, which is restricted in expression to germinal center B cells (Christoph, Rickert and Rajewsky, 1994) .
It is important to emphasize, however, that these three germinal center B cell signature genes may not themselves influence survival in DLBCL, but merely represent the fact that those tumors of germinal center B cell origin have a more favorable prognosis. A second study also used supervised methods to discover survival predictor genes in DLBCL (Shipp et al., 2002) . Two of the survival predictor genes highlighted in the study were protein kinase C β (PRKCB1) and phosphodiesterase 4B (PDE4B), both of which are more highly expressed in ABC DLBCLs than in GCB DLBCLs (Davis and Staudt, 2002; Rosenwald et al., 2002) . Likewise, another study generated a model of survival in DLBCL using six genes, two of which are germinal center B cell signature genes (BCL6, LMO2) and two others are more highly expressed in ABC DLBCLs (CCND2, BCL2) (Lossos et al., 2004) . Thus, not unexpectedly, each supervised model of DLBCL survival that has been created incorporates the DLBCL subgroup distinction since this is a predominant biological distinction among DLBCLs that is associated with survival.
Lymph node signature
The "lymph node" signature includes many genes whose expression patterns were found to be associated with favorable survival in DLBCL . Despite its name, the genes in this signature do not merely reflect normal lymph node cells, but rather reflect a host response to malignant DLBCL cells in the lymph node. In keeping with this notion, the lymph node signature genes are not highly expressed in most lymph node biopsies from mantle cell lymphoma, small lymphocytic lymphoma, or follicular lymphoma. The survival predictor genes within the lymph node signature include genes that are expressed in macrophages (e.g. α actinin 1/ACTN1, urokinase plasminogen activator/PLAU) or fibroblasts (e.g.connective tissue growth factor/CTGF), and genes that encode extracellular matrix components (Fibronectin/FN1, collagen III α1/COL3A1) . Involved lymph nodes from some DLBCL patients are heavily infiltrated with macrophages and some have a prominent sclerotic eaction; expression of the lymph node signature genes appears to reflect these host responses. Indeed, gene expression profiling analysis of separated malignant and nonmalignant cells from DLBCL biopsy specimens confirms that the large majority of lymph node signature genes are expressed in the non-malignant cells (unpublished). The DLBCLs subgroups have somewhat different expression of lymph node signature genes, with PMBLs having universally high expression, GCB DLBCLs having intermediate expression, and most ABC DLBCLs having a relatively low expression. Nonetheless, among ABC DLBCLs, lymph node signature expression is associated with a more favorable prognosis, even though this DLBCL subgroup as a whole has a relatively poor prognosis.
The mechanisms accounting for the association of lymph node signature gene expression and favorable outcome in DLBCL have not been elucidated. One possibility is that the infiltrating cells that generate the lymph node signature are mounting an immune response to the tumor. The immune response might be ineffective on its own, but might help contribute to curative responses following chemotherapy. A second possibility is that some DLBCLs rely on signals derived from host cells for survival and/or proliferation. In this "extracellular signal addiction" hypothesis, the dependence of the malignant cells on microenvironmental signals in the lymph node may prevent their spread to other anatomical sites in which these signals are absent. In this regard, it is interesting that high expression of the lymph node signature is associated with low tumor stage (unpublished). Tumor stage is a measure of how many lymph node groups and extranodal sites are involved in a patient, and thus could reflect how well a malignant DLBCL cell can survive and proliferate in new anatomical locations. In DLBCLs with high lymph node signature expression, the malignant cells may receive signals by direct cell-cell contact with tumor-infiltrating host cells. Alternatively, since many lymph node signature genes encode extracellular matrix components, it is conceivable that cytokine or chemokine signaling could be augmented by their deposition on extracellular matrix in DLBCLs with high lymph node signature expression.
Comparative genomic hybridization analysis has revealed that some chromosomal copy number changes in DLBCLs are associated with high or low lymph node signature expression (unpublished). This observation suggests that particular oncogenic events create a DLBCL that is dependent upon lymph node microenvironmental signals while other oncogenic events create a DLBCL that is independent of such signals. Whereas most oncogenes render a cell independent of extracellular signals, it has been postulated that certain oncogenes may create an interdependence between the malignant cell and its microenvironment (Hanahan and Weinberg, 2000) . One example is the oncogene c-maf, which is frequently overexpressed in multiple myeloma . c-maf encodes a B-ZIP transcription factor, and gene expression profiling was used to discover the genes that it transactivates . One c-maf target gene is integrin β7, which encodes an adhesion molecule that, together with integrin αE, binds to E-cadherin. E-cadherin is expressed on the surface of bone marrow stromal cells, and the upregulation of integrin β7 by c-maf causes myeloma cells to adhere more strongly to these stromal cells. As a result, the bone marrow stromal cells secrete more vascular endothelial growth factor (VEGF), which is a proliferation factor for myeloma cells as well as an angiogenic factor. This example suggests that an understanding of mechanisms that may cause certain DLBCLs to be "addicted" to the lymph node microenvironment could provide new targets for therapeutic intervention.
MHC class II signature
Expression of the MHC class II signature predicts favorable survival in DLBCL . This signature is comprised of the genes encoding the alpha and beta chains of MHC class II molecules as well as the gene encoding invariant chain, which plays a role in the MHC class II antigen presentation pathway. The variation in MHC class II signature expression among DLBCLs is due to differences in expression within the malignant cells, and not to differences in MHC class II-expressing nonmalignant cells . In fact, some DLBCLs are virtually devoid of MHC class II molecules on their surface. Since the MHC class II molecules and invariant chain are encoded on different chromosomes, a single structural alteration in the genome cannot account for differences in MHC class II signature expression. Therefore, these differences are likely due to variation in a regulatory factor that coordinates the expression of all of the MHC class II signature genes. Notably, the prognostic significance of the MHC class II signature is independent of the DLBCLs subgroup distinction. The mechanisms accounting for the favorable prognosis associated with MHC class II signature expression are not clear. One possibility is that loss of MHC class II molecules on the surface of DLBCLs prevents an immune response from developing against the malignant cells. In this regard, it is interesting that DLBCLs lacking MHC class II expression have significantly fewer CD8+ T cells infiltrating the tumor (List et al., 1993; Rimsza et al., 2004) . MHC class II is associated with antigen presentation to CD4+ T cells, which are known to be required for the generation of optimal CD8+ T cell responses, but further work is needed to evaluate whether such immunological mechanisms account for the prognostic significance of MHC class II signature expression.
Proliferation signature
Many of the genes with expression patterns that are correlated poor outcome in DLBCL belong to the proliferation signature . The proliferation signature includes genes that are expressed highly in proliferating cells and at low levels in quiescent cells (Shaffer et al., 2001) . Typically, one eighth of all the genes represented on a DNA microarray belong to the proliferation signature. These genes encode a functionally diverse set of proteins that play roles in cell cycle progression, DNA replication and repair, protein translation, cell growth, and cellular metabolism. To some degree, the proliferation signature genes that encode proteins involved in the same aspect of cellular proliferation (e.g. mitosis regulators, glycolysis enzymes, ribosomal proteins) are more tightly coregulated than are proliferation signature genes as a whole (Shaffer et al., 2001) .
Given the breadth of the proliferation signature, it is important to understand which subset of these genes is associated with survival in DLBCL. Interestingly, proliferation signature genes that encode cell cycle progression proteins are not associated with survival in DLBCL. Instead, the oncogene c-myc is one of the genes in the proliferation signature that is most strongly associated with the outcome . c-myc is a transcription factor that controls many aspects of cellular metabolism, but is particularly associated with cell growth (i.e. an increase in cell size) (Levens, 2002) . c-myc is well known to play a role in the pathogenesis of non-Hodgkin lymphomas in that it is deregulated by translocation to the immunoglobulin locus in all cases of Burkitt lymphoma and in a small subset of DLBCLs. Notably, normal germinal center B cells have very low expression of c-myc and some of its known target genes such as those that encode the ribosomal proteins Shaffer et al., 2001) . Teleologically, germinal center centroblasts may have low c-myc so as to avoid expending energy on cell growth, thereby favoring maximal proliferation. This bias in favor of proliferation allows centroblasts to undergo the multiple rounds of somatic hypermutation that are required for optimal positive selection of B cells with high affinity for antigen.
Among the DLBCL subgroups, ABC DLBCL has the highest expression of cmyc, which is consistent with its origin from a post-germinal center cell that has engaged signaling pathways that transcriptionally activate c-myc. Stimulation of normal B cells through a variety of cell surface receptors increases c-myc expression and, in particular, the NF-κB signaling pathway can increase c-myc transcription (Schauer et al., 1996) . Therefore, the constitutive activity of the NF-κB pathway in ABC DLBCL may contribute to its high c-myc expression. The transcriptional regulation of c-myc is complex, however, and this as unlikely to be the entire explanation for elevated c-myc expression in ABC DLBCLs.
Interestingly, another proliferation signature gene associated with poor outcome in DLBCL is nucleostemin , which encodes a nucleolar protein that is a direct transcriptional target of c-myc (O'Connell et al., 2003; Schlosser et al., 2003; Tsai and McKay, 2002; Zeller et al., 2003) . One function of nucleostemin may be to bind p53 and sequester it in the nucleolus (Tsai and McKay, 2002) . However, nucleostemin is likely to have other functions since RNA interference-mediated knockdown of nucleostemin decreases the number of cells in S-phase of the cell cycle (Tsai and McKay, 2002) . c-myc transactivates a large number of genes that encode nucleolar proteins and also enhances processing of ribosomal RNA in the nucleolus (Schlosser et al., 2003) . A third proliferation signature gene in the DLBCL survival predictor is nucleophosmin-3/NPM3, which is structurally related to the nucleolar protein nucleophosmin-1/NPM1 . Together, these observations suggest hat the particular subset of proliferation signature genes that is associated with poor outcome in DLBCL are those that contribute to nucleolar function, many of which are c-myc targets. cmyc thus appears to play an important role in lymphoma biology that extends beyond those malignancies in which c-myc is translocated.
A gene expression-based survival predictor for mantle cell lymphoma
Mantle cell lymphoma accounts for roughly 6% of non-Hodgkin lymphomas but it contributes disproportionately to the deaths due to lymphoma because there is no curative treatment. This lymphoma type is derived in the vast majority of cases from a pre-germinal center B cell since its rearranged immunoglobulin genes are usually unmutated. As a consequence, the biology of mantle cell lymphoma is substantially different from that of other non-Hodgkin lymphomas that originate from B cells that have traversed the germinal center. The characteristic t(11;14) translocation of mantle cell lymphoma deregulates the cyclin D1 gene by placing it in proximity to the immunoglobulin heavy chain locus. D-type cyclins form heterodimers with the cyclindependent kinases cdk4 and cdk6, thereby forming active kinase complexes that are key regulators of the G1/S phase transition of the cell cycle (Sherr and McCormick, 2002) . Of the three D-type cyclins, cyclin D1 is not normally expressed by B lymphocytes, whereas cyclin D2 is expressed by mitogenically activated B cells and cyclin D3 is expressed by a germinal center B cells. The t(11;14) translocation points to the central role of cell cycle dysregulation in the pathophysiology of mantle cell lymphoma.
Mantle cell lymphoma has a characteristic gene expression signature that can be used to distinguish it from other non-Hodgkin lymphomas (Rosenwald et al., 2003b) . The vast majority (>95%) of cases that are histologically compatible with a diagnosis of mantle cell lymphoma have cyclin D1 overexpression (Rosenwald et al., 2003b) . However, gene expression profiling revealed a rare subtype of mantle cell lymphoma in which cyclin D1 is not expressed, but which are nevertheless histologically and molecularly indistinguishable from cyclin D1-positive mantle cell lymphoma (Rosenwald et al., 2003b) . Not surprisingly, cyclin D2 or cyclin D3 is expressed in some of these cases by mechanisms that are as yet unknown.
The survival of patients with mantle cell lymphoma ranges from under one year to more than five years. Using the gene expression signature of mantle cell lymphoma, it was possible to identify some patients with an extremely indolent form of this lymphoma who survived more than 10 years following diagnosis (Rosenwald et al., 2003b) . Although mantle cell lymphoma patients receive a variety of chemotherapy regimens, none has been shown to alter the length of survival.
A supervised analysis of gene expression in biopsy specimens from patients with cyclin D1positive mantle cell lymphoma was used to uncover the molecular basis for the varying lengths of survival of these patients (Rosenwald et al., 2003b) . All of the genes whose expression was associated with short survival belonged to the proliferation gene expression signature (Fig.  4A) . In contrast to DLBCL, the proliferation signature genes that were associated with survival in mantle cell lymphoma included genes involved in cell cycle progression and DNA synthesis, but did not include c-myc. This suggests that the length of survival in mantle cell lymphoma is predicted by proliferation signature genes that quantitatively reflect the tumor proliferation rate.
The average expression of 20 proliferation signature genes was used to calculate a survival predictor score for each mantle cell lymphoma patient (Rosenwald et al., 2003b) . The patients were ranked according to these scores and divided into four equal quartile groups with median survival times of 0.8 years, 2.3 years, 3.3 years, and 6.7 years (Fig. 4B ). Other studies have used immunohistochemical or cytological techniques to estimate the proliferation rate in mantle cell lymphoma but at best, the prognostic groups that were identified differed by 2.7 years in median survival (Argatoff et al., 1997; Bosch et al., 1998; Raty et al., 2002; Velders et al., 1996) . The proliferation signature average provides a more quantitative measure of tumor proliferation rate than these other methods, which most likely explains why it is able to identify risk groups of patients that differ by 5.9 years in median survival. From a clinical standpoint, this molecular predictor of survival could provide valuable prognostic information to these patients. For those patients with indolent forms of this lymphoma, a watchful waiting approach is appropriate. Patients with aggressive forms of the disease should be considered for newer therapeutic approaches, some of which show early promise (see below).
From a biological standpoint, the most remarkable feature of the proliferation signature average is that it quantitatively integrates the effects of multiple oncogenic events that affect cell cycle progression. Unexpectedly, a quantitative RT-PCR assay for the cyclin D1 coding region revealed higher expression in many of the mantle cell lymphomas with the highest proliferation signature average (Fig. 4C) (Rosenwald et al., 2003b) . Consequently, higher expression of cyclin D1 coding region mRNA was associated with shorter survival. Several molecular mechanisms account for the varying expression of cyclin D1 coding region transcripts. Various forms of cyclin D1 mRNA have been observed in mantle cell lymphoma: a full-length 4.7 kb isoform that contains a ∼3 kb 3′ untranslated region and shorter isoforms that essentially consist of the coding region. The cyclin D1 3′ untranslated region contains an mRNA destabilizing element and therefore, with an equivalent amount of transcription, the long mRNA isoform will accumulate to lower levels than the short mRNA isoforms (Lebwohl et al., 1994; Rimokh et al., 1994) . Some mantle cell lymphomas were found to lack expression of the long mRNA isoform and exclusively expressed shorter, more stable, mRNA isoforms, and Staudt and Dave Page 16 of 34 these were the cases with higher levels of cyclin D1 coding region transcripts (Rosenwald et al., 2003b) . In some mantle cell lymphoma cases, the genomic region encoding the cyclin D1 3′ untranslated region is deleted, resulting in expression of a short cyclin D1 mRNA (de Boer et al., 1995; Rimokh et al., 1994; Seto et al., 1992; Withers et al., 1991) . Another molecular mechanism leading to exclusive expression of a short cyclin D1 mRNA is the acquisition of a somatic mutation immediately downstream of the stop codon that generates a new polyadenylation signal, thereby truncating the mRNA (unpublished).
Deletion of the INK4a/ARF locus is a frequent oncogenic event in mantle cell lymphoma, occuring in roughly one fifth of cases (Dreyling et al., 1997; Pinyol et al., 1998; Pinyol et al., 1997; Pinyol et al., 2000; Rosenwald et al., 2003b) . INK4a/ARF deletions are more frequent in mantle cell lymphomas with high expression of the proliferation signature and are consequently associated with short survival (Fig. 4C ) Rosenwald et al., 2003b) . The INK4a/ARF locus encodes two key tumor suppressor proteins, p16 INK4a and p14 ARF (Sherr and McCormick, 2002) . p16 INK4a prevents the assembly of cdk4 and cdk6 with D-types cyclins and thus is an important negative regulator of the G1/S phase transition of the cell cycle. p14 ARF blocks to the ability of MDM2 to target p53 for degradation, and thus potentiates p53-dependent apoptosis and cell cycle arrest. In addition, loss of p14 ARF retards proliferation of a mouse embryonic fibroblasts and pre-B cells (Kamijo et al., 1998; Randle et al., 2001) . Unlike some cancers, mantle cell lymphomas do not sustain inactivating mutations in the p16 INK4a coding region (Pinyol et al., 1997; Pinyol et al., 2000) , suggesting that the selective advantage of INK4a/ARF deletions in mantle cell lymphoma is due to loss of both p16 INK4a and p14 ARF .
Interestingly, INK4a/ARF deletions and elevated cyclin D1 expression were statistically independent in their associations with high proliferation signature expression and short survival (Rosenwald et al., 2003b) . In fact, many mantle cell lymphomas have deletions of both the cyclin D1 3′ untranslated region and the INK4a/ARF locus. This observation suggests a model in which these two oncogenic events act synergistically to accelerate cell cycle progression. One way this could occur is by increasing the frequency (or probability) that a lymphoma cell moves from G1 to S phase. A current view of this cell cycle transition is that cyclin D/cdk4(6) complexes bind the cyclin-dependent kinase inhibitors p21 and p27kip1, but are not inhibited by them. In so doing, they titrate these inhibitors away from cyclin E/cdk2 complexes, whose activity is critical for entry into S phase (Fig. 4D ). In keeping with this model, most p27kip1 in mantle cell lymphomas is physically associated with cyclin D1/cdk4(6) (Quintanilla-Martinez et al., 2003) .
This model could have therapeutic implications. p27kip1 is ubiquitinylated by Skp2, which targets it for proteosomal degradation. Intriguingly, the proteasome inhibitor Velcade/PS-341 has shown activity against mantle cell lymphoma in early clinical trials. If p27kip1 levels are quantitatively titrated by cyclin D1/cdk4(6) complexes, proteosomal inhibition might allow more p27kip1 to accumulate and tip this regulatory balance in favor of a block in G1 phase of the cell cycle. A theoretically ideal inhibitor of the G1/S phase transition, yet to be developed, would be a small molecule mimetic of p16 INK4a that would inhibit assembly of cdk4 and cdk6 with cyclin D1.
As mentioned above, loss of p14 ARF in some mantle cell lymphomas may also contribute to cell growth and a higher proliferation rate. Many of the mantle cell lymphomas with INK4a/ ARF deletions are histologically "blastic", meaning that they have a large cell size compared with other mantle cell lymphomas (Pinyol et al., 1997; Rosenwald et al., 2003b) . This phenotype could be caused by increased c-myc activity, due to the absence of p14 ARF (Datta et al., 2004; Qi et al., 2004) . In this regard, it is notable that the BMI-1gene is amplified in some mantle cell lymphoma cases that lack INK4a/ARF deletions (Bea et al., 2001; Rosenwald et al., 2003b) . BMI-1 is a transcriptional repressor that blocks expression p16 INK4a and p14 ARF and cooperates with c-myc in malignant transformation (Sherr and McCormick, 2002) . Thus, enhanced cmyc function may be another way in which INK4a/ARF deletions synergize with cyclin D1 upregulation to enhance the proliferation rate of mantle cell lymphomas.
This analysis leads to the view that tumor proliferation rate is a rheostat that can vary continuously over a broad range. The setpoint of this rheostat results from the cellular integration of multiple oncogenic changes that affect the rate or probability that the cancer cell transits the G1/S phase boundary of the cell cycle. The fact that the proliferation rate in mantle cell lymphoma (as measured by the proliferation signature expression) can be modeled using cyclin D1 expression and INK4a/ARF deletion illustrates that complex cancer phenotypes may become mathematically tractable as more precise measurements become available. Mathematical models can have heuristic value in that they can highlight areas where further biological research is needed. For example, the multivariate model of survival based on cyclin D1 expression and INK4a/ARF deletion was not as statistically significant as the model based on proliferation signature expression (Rosenwald et al., 2003b) . This observation suggests that additional oncogenic mechanisms remain to be discovered that affect the proliferation rate and, consequently, the length of survival in mantle cell lymphoma.
An important implication of this rheostat model of proliferation is that therapies that can dial down the proliferation setpoint in mantle cell lymphoma might be of great clinical benefit, even if they are not curative. In other words, it is possible to imagine a therapy that could decrease the proliferation rate so significantly that it might be able to move a patient from the least favorable prognostic group to the most favorable prognostic group, thereby prolonging the patient's life by more than five years. Although such therapies might affect normal cells as well, studies in mice have shown that the D-type cyclins have cell type-restricted functions. For example, mice deficient in cyclin D1 have discrete defects in embryonic retinal development and in pregnancy-associated mammary development but are normal in other respects (Sicinski et al., 1995) . Indeed, in mice lacking all D-type cyclins, many cell types proliferate normally although hematopoietic stem cell proliferation is compromised (Kozar et al., 2004) . It therefore seems conceivable that a therapeutic window may exist to allow prolonged treatment of mantle cell lymphoma patients with agents targeted at cyclin D/cdk4 (6) complexes.
A gene expression-based survival predictor for follicular lymphoma
Follicular lymphoma, the second most common form of non-Hodgkin lymphoma, has a highly variable clinical course. Although the median survival is approximately 10 years following diagnosis, some patients have an aggressive illness that is fatal in under one year while others may live more than 20 years. Patients with follicular lymphoma are treated with a variety of chemotherapeutic and immunotherapeutic regimens (Bendandi et al., 1999; Colombat et al., 2001; Czuczman et al., 1999; Kwak et al., 1992; Maloney et al., 1997; Timmerman et al., 2002; Witzig et al., 2002) , but it has not been demonstrated that these approaches change the length of survival of these patients (Horning, 2000) .
Follicular lymphomas are derived from germinal center B cells and maintain the gene expression program of this stage of differentiation (Dave et al., 2004; Flenghi et al., 1995; . In addition, most follicular lymphomas grow as pseudo-germinal centers that include T cells and follicular dendritic cells intermingled with the malignant cells. Unlike normal germinal center B cells, roughly 90% of follicular lymphomas express BCL-2 as a result of the characteristic t(14;18) translocation. In some cases, follicular lymphoma "transforms" into an aggressive lymphoma resembling DLBCL, and this transformation can be associated with a variety of oncogenic changes . However, there is no evidence that these stochastic events affect the overall survival rate.
Gene expression profiling has revealed that the length of survival following diagnosis of follicular lymphoma can be predicted by biological differences among the tumors at the time of diagnosis (Dave et al., 2004) . A new form of supervised analysis, termed survival signature analysis, was used to develop a gene expression based-survival predictor for follicular lymphoma (Dave et al., 2004) . Like other supervised methods, survival signature analysis begins with the subdivision of the cases into a training set and a test set, followed by the identification of genes with expression patterns associated with long survival (good prognosis genes) or short survival (bad prognosis genes) within the training set. Hierarchical clustering is then used to organize the good prognosis genes and the bad prognosis genes according to their expression patterns within the training set of cases. Clusters of genes with highly correlated expression patterns are grouped together into survival-associated signatures. Within each survival associated signature, the expression levels of the component genes are averaged, creating a signature average for each patient. Multivariate statistical models are created using signature averages from the training set of cases, and these models are then tested for their reproducibility in the test set of cases. This algorithm is based on the assumption that within a particular survival-associated signature, the expression profile of each component gene reflects the same biological process that influences survival. By grouping coordinately-expressed genes together and creating a limited set of survival associated signatures, the multiple comparisons problem associated with the supervised analysis of DNA microarray data is avoided (Ransohoff, 2004) .
Using this method, an optimal survival model in follicular lymphoma was created using two survival-associated signatures, one from the good prognosis gene set and one from the bad prognosis gene set (Fig. 5A ). These two signatures were termed immune response-1 in immune response-2 because their component genes included genes known to be expressed in normal immune cells. Although the immune response-1 and immune response-2 signatures each predicted survival as single variables, they were strongly synergistic in a multivariate model. This suggests that the relative level of these two signatures is more important in predicting survival than the absolute level of either one alone. The model generated a "survival predictor score" for each patient, with a high score associated with long survival and a low score associated with short survival. The patients were ranked according to their survival predictor scores and divided into four equal quartiles groups that had strikingly different median survival times of 3.9 years, 10.8 years, 11.1 years, and 13.6 years, respectively (Fig. 5B ). This finding demonstrates that although the follicular lymphoma genome may continue to be altred following diagnosis, such stochastic changes do not have in large effect on the length of survival. Rather, the biological heterogeneity already present in follicular lymphoma at that time of diagnosis dictates, in large measure, the clinical aggressiveness of the disease.
The immune response-1 and immune response-2 signatures were found to be preferentially expressed in the CD19-negative non-malignant cells isolated from follicular lymphoma biopsies by flow sorting (Fig. 5C) (Dave et al., 2004) . Furthermore, the genes that make up these two signatures are not highly expressed in normal germinal center B cells, the cell of origin of follicular lymphoma, but rather in normal blood T cells or monocytes. These results point to an interplay between the malignant cells and high the host immune system that influences the clinical behavior of follicular lymphoma.
The immune response-1 signature includes a number of genes that encode T cellrestricted proteins, such as CD7, CD8β1, ITK and LEF1 (Fig. 5C) (Dave et al., 2004) . However, this signature is not merely a measure of the number of T cells in the follicular lymphoma because the expression patterns of a number of genes encoding T cell markers (e.g.CD2, CD4, LAT, TRIM, SH2D1A) were not found to be associated with survival in follicular lymphoma. This suggests that the expression of the T cell genes in the immune response-1 signature reflects the presence of a particular T cell subset(s) within the tumor. In this regard, it is notable that one of the immune response-1 signature genes is CD8β1,which could indicate the presence of cytotoxic T cells. However, this signature also includes several genes that are highly expressed in macrophages, such as ACTN1 (Allen and Aderem, 1996) and TNFSF13B(BLYS/BAFF) (Craxton et al., 2003) . Therefore, the immune response-1 signature appears to reflect a complex mixture of immune cells, including T cells, that is associated with long survival in follicular lymphoma.
The immune response-2 signature, by contrast, does not include genes encoding T cell markers, but rather includes genes expressed in macrophages and/or dendritic cells Fig. 5C ) (Dave et al., 2004) . For instance, FCGR1A(CD64), TLR5, and C3AR encode receptors for immunoglobulin Fc regions, flagellin and complement component C3A, respectively, that are typically expressed in monocytic cells (Ames et al., 1996; Hayashi et al., 2001; Muzio et al., 2000; Roglic et al., 1996) . Other immune response-2 signature genes are expressed in mature dendritic cells, including SEPT10, which encodes a septin and LGMN, which encodes a lysosomal protease Sui et al., 2003) . Also included are the genes encoding the complement components C1qA, C1qB, and C4A, which are synthesized by phagocytes in the myeloid lineage (McPhaden and Whaley, 1993; Tsukamoto et al., 1992) . The immune response-2 signature therefore reflects an immune infiltrate that is dominated by macrophages and/or dendritic cells that is associated with short survival in follicular lymphomas.
It is important to emphasize the strong statistical synergism of the immune response-1 and the immune response-2 signatures in predicting the length of survival (Dave et al., 2004) .
Biologically, this means that many follicular lymphoma tumors express both signatures, but their relative ratio is what is most predictive of the length of survival. This observation highlights the ability of gene expression profiling to reveal quantitative differences in immune responses that are clinically meaningful.
Why do patients with follicular lymphoma differ with respect to the type of immune infiltrate in their tumors? One possibility is that these differences reflect quantitative traits of the immune system that influence the way in which it responds to the malignant follicular lymphoma cells. Genetic differences in key regulators of the immune response are well known to influence susceptibility to autoimmune and inflammatory disorders, and may therefore play a role in anti-tumor responses as well. A second possibility is that the character of the immune infiltrate is dictated by the molecular features of the malignant cells in follicular lymphoma. To address this possibility comprehensively, the gene expression profiles and genetic abnormalities of sorted malignant cells from a large number of cases will need compared with the gene expression profiles of the corresponding non-malignant cells Why is the immune response-1 signature associated with good prognosis and the immune response-2 signature associated with bad prognosis? Two hypotheses, which are not mutually exclusive, can be entertained: an "immune response" hypothesis and an "immune cell dependence" hypothesis ( Fig. 5D ). In the immune response hypothesis, the immune response-1 signature could reflect an active anti-tumor immune response. There is abundant clinical evidence suggesting that anti-tumor immune responses can be mounted in some patients with follicular lymphoma. Follicular lymphoma is the only lymphoma in which spontaneous regressions are observed, albeit rarely (Horning and Rosenberg, 1984) . When this occurs in other cancers, such as melanoma and renal cell carcinoma, it is taken as an indication of an effective anti-tumor immune response. In addition, anti-idiotype vaccines can elicit long-term Staudt and Dave Page 20 of 34 remissions in some patients with follicular lymphoma, demonstrating that this is one of the few cancers, so far, in which an immune response is clinically effective (Bendandi et al., 1999; Kwak et al., 1992; Timmerman et al., 2002) . The immune response-1 signature may therefore reflect an anti-tumor immune response that is able to prolong the survival of these patients, but not eradicate the tumor. The inclusion of T cell genes in this signature, especially the cytotoxic T cell gene CD8β1, is consistent with this possibility. The immune response-2 signature lacks T cell-restricted genes, and instead includes genes expressed in innate immune cells. It is conceivable that the follicular lymphomas with high expression of the immune response-2 signature have evolved mechanisms to evade an adaptive immune response, and the short survival of these patients reflects this immune evasion.
If this "immune response" hypothesis is correct, the success of immune-based therapies in follicular lymphoma may depend upon the molecular profile of the tumor-infiltrating immune cells. Therapies that rely on T cell responses, such as anti-idiotype vaccination, may be more successful in tumors that express the immune response-1 signature highly since this signature reflects a type of T cell infiltrate that is associated with long survival. Furthermore, it is conceivable that non-specific augmentation of T cell responses, as can be achieved with anti-CTLA-4 therapy (Egen, Kuhns and Allison, 2002) , could be of benefit to patients whose tumors express the immune response-1 signature highly.
The "immune cell dependence" hypothesis suggests that the tumor-infiltrating immune cells in some follicular lymphomas provide trophic signals that promote survival and/or proliferation of the malignant cells (Fig. 5D ). The immune response-1 signature could reflect a pseudogerminal center reaction in which the malignant cells receive signals from T cells and/or follicular dendritic cells. The malignant cells may be dependent upon these microenvironmental signals, making it difficult for them to leave the lymph node. This microenvironmental "addiction" could account for the relatively favorable prognosis associated with the immune response-1 signature. Follicular lymphomas with high expression of the immune response-2 signature may have lost their dependence on microenvironmental signals and may therefore be able to survive in other anatomical sites, possibly accounting for the relatively short survival of these patients.
Precedent for the immune cell dependence hypothesis is provided by certain mouse B cell lymphomas that require T cells for their growth (Ponzio and Thorbecke, 2000) . These mouse lymphomas express an MMTV-encoded superantigen that stimulates CD4-positive T cells, which in turn secrete cytokines such as IL-4 that may provide survival signals to the lymphomas. Some intriguing data suggest that such mechanisms should be considered in human lymphomas as well. In follicular lymphoma, the pattern of immunoglobulin mutations is consistent with a role for antigen selection at some point in the genesis of the tumor (Bahler and Levy, 1992) . In addition, the immunoglobulin variable regions in follicular lymphoma acquire N-linked glycosylation sites during the hypermutation process in 79% of cases, which is far in excess of the 9% frequency observed in normal B cells . This surprising finding raises the possibility that carbohydrates attached to the immunoglobulin receptor of a follicular lymphoma could interact with lectin-like proteins present within the germinal center microenvironment. Further investigations will be needed to understand whether such interactions are of functional significance at the time of clinical presentation or play a role in the early development of these cancers. If malignant cells and immune cells communicate in follicular lymphoma, a molecular understanding of this communication could provide new targets for therapy.
2.
Existing diagnostic categories of cancer consist of multiple molecularly distinct diseases that differ in their cell of origin, oncogenic mechanisms and clinical outcome. The example of diffuse large B cell lymphoma illustrates this principle well, but gene expression profiling has also uncovered distinct disease entities in other cancers also (Sorlie et al., 2003) .
3.
The clinical heterogeneity of cancer can be ascribed to heterogeneity in the tumor at the time of diagnosis. This observation holds for each lymphoma type studied thus far, as well as for other cancers (Bernards and Weinberg, 2002) . Although the stepwise acquisition of oncogenic changes certainly contributes to the cancer phenotype, stochastic changes in the tumor genome after diagnosis do not appear to strongly influence subsequent clinical behavior.
4.
Multiple independently varying biological features of tumors contribute to their clinical behavior. Gene expression signatures can be used to measure different biological attributes in tumors samples. Optimal models of survival usually incorporate several gene expression signatures, reflecting tumor cell intrinsic properties as well as the influence of the tumor microenvironment.
5.
Interactions between the tumor and its microenvironment are biologically and clinically crucial. For DLBCL and follicular lymphoma, survival was found to be strongly associated with the nature of the tumor-infiltrating immune cells. An understanding of the interaction between the malignant cell and its microenvironment should provide new therapeutic options.
6.
Molecular diagnosis leads to new molecular targets. Of the three gene expression subgroups of DLBCL, two respond to inhibitors of the NF-κB pathway whereas the third is impervious to these agents. The importance of molecular diagnosis will continue to increase as drugs become available the target specific signaling pathways.
Several research challenges must be surmounted in order to build upon the recent progress in understanding human lymphomas. We must develop a comprehensive view of the abnormal signaling networks inside lymphoma cells, and functional genomics techniques such as RNA interference will be critical in this effort. Coupling RNA interference with gene expression profiling will lead to an understanding of the wiring diagrams of lymphoma cells, which will ultimately enable rational manipulation of signaling pathways. By necessity, much of this work must be carried out in lymphoma cell lines, and we must take care to use cell lines that are faithful mimics of particular lymphoma types. Concerted efforts should be made to generate additional cell lines that are representative of each lymphoma type. Finally, given the importance of the tumorinfiltrating immune cells in lymphomas, methods need to be developed to maintain patient tumor samples in tissue culture or in immunodeficient mice in a fashion that preserves the interactions between the malignant cells and their microenvironment. In all of these efforts, gene expression profiling will continue to provide a comprehensive and biologically informative framework.
Figure 3.
A gene expression-based multivariate model of survival following chemotherapy for DLBCL. The left panel shows the expression of the four gene expression signatures used to create the survival model in 201 DLBCL biopsy samples. Expression of the germinal center, lymph node, and MHC class II signatures is associated favorable prognosis while expression of the proliferation signature is associated with poor prognosis . Representative genes from each signature that were used to create the survival model are shown. For each signature, patients were divided into four equal quartiles based on the expression of the signature in their biopsy samples. The four Kaplan Meier plots in the center depict the survival of patients in each signature quartile. These four signatures were combined into a multivariate model of survival and patients were divided into four quartiles groups based on this model . The Kaplan Meier plot at the right depicts the overall survival of each quartile group of the multivariate model.
